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Abstract: In this paper we investigate the temperature dependent behavior of a liquid crystal (LC)
loaded tunable dielectric image guide (DIG) phase shifter at millimeter-wave frequencies from
80 GHz to 110 GHz for future high data rate communications. The adhesive, necessary for precise
fabrication, is analyzed before temperature dependent behavior of the component is shown, using
the nematic LC-mixture GT7-29001. The temperature characterization is conducted by changing
the temperature of the LC DIG’s ground plane between −10 °C and 80 °C. The orientation of the
LC molecules, and therefore the effective macroscopic relative permittivity of the DIG, is changed
by inserting the temperature setup in a fixture with rotatable magnets. Temperature independent
matching can be observed, while the insertion loss gradually increases with temperature for both
highest and lowest permittivity of the LC. At 80 °C the insertion loss is up to 1.3 dB higher and
at −10 °C it is 0.6 dB lower than the insertion loss present at 20 °C. In addition, the achievable
differential phase is reduced with increasing temperature. The impact of molecule alignment to this
reduction is shown for the phase shifter and an estimated 85% of the anisotropy is still usable with
an LC DIG phase shifter when increasing the temperature from 20 °C to 80 °C. Higher reduction
of differential phase is present at higher frequencies as the electrical length of the phase shifter
increases. A maximum difference in differential phase of 72° is present at 110 GHz, when increasing
the temperature from 20 °C to 80 °C. Nevertheless, a well predictable, quasi-linear behavior can
be observed at the covered temperature range, highlighting the potential of LC-based dielectric
components at millimeter wave frequencies.
Keywords: millimeter wave; microwave liquid crystal; temperature coefficient; characterization;
dielectric image line; phase shifter
1. Introduction
In addition to their well known application in displays, liquid crystals (LCs) are of
special interest in the millimeter-wave (mmW) regime between 30 GHz and 300 GHz.
Due to the dielectric anisotropy ∆εr = εr,|| − εr,⊥, different relative permittivities εr of an
LC volume can be achieved when changing the orientation of the nematic rod-like LC
molecules with respect to the RF-polarization ~ERF. If the long molecule axis is parallel to
~ERF a high permittivity εr,|| can be achieved, while the long molecule axis perpendicular
to ~ERF results in a lower permittivity εr,⊥. The overall direction the LC molecules point
towards is described by the LC director. Its orientation can be controlled by external
electric or magnetic bias fields which force the molecules to align parallel to the field lines.
This concept is visualized in Figure 1. The LC-mixtures usually are different than the
conventional LC-mixtures used for display applications, such as K15 or E7 mixtures, in
order to achieve higher ∆εr in the mmW regime. In [1], a detailed summary of different LC-
mixtures for micro- and millimeter-wave frequencies is provided. Further development of
new mixtures for mmW applications is an ongoing process and promising stable material
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properties from microwave frequencies up to several THz have been confirmed [2–4].
New physical mechanisms, such as the recently reported splay polar nematic phase [5,6],
underline the necessity to gather data on LC such that reliable and predictable LC-based
mmW components can be employed in the future. In addition, temperature dependent
degradation of the achievable order, which is commonly represented by the order parameter
S, is expected to effect the reconfigurable LC loaded devices. As higher temperature leads












Figure 1. Bias of a volume of liquid crystal (LC) with magnets. The LC molecules are represented as rod-like forms, showing
a long and a short axis. Depending on the molecules’ orientation with respect to ~ERF the LC volume shows different
macroscopic permittivity, εr,|| (left) or εr,⊥ (right), to an electromagnetic wave.
The LC mixture used in this work is GT7-29001 from Merck KGaA, Darmstadt, Ger-
many. A broad spectrum of LC-based components, such as filters [7,8], phase shifters
and antennas [9–11] in different topologies and at various frequencies has been presented.
Especially phase shifters are key components for phase correction or phase manipula-
tion in phased-array applications. As the demand for higher data rate is an ongoing
trend [12], mmW frequencies will be increasingly used in future communication standards.
Usable spectra for communication bands have been investigated in V-band (50 GHz to
75 GHz) [13] and W-band (75 GHz to 110 GHz) [14]. At frequencies towards 100 GHz,
conventional waveguide topologies, such as microstrip lines, show high loss. Therefore,
different dielectric waveguide-based approaches have been proposed in recent years [11].
As many of the proposed topologies are hard to integrate to common printed circuit board
(PCB)-based circuitry, the dielectric image guide (DIG) poses an attractive link between
the low-loss dielectric topology and the planar environment of PCBs. First insights to
electrically tunable LC loaded DIG phase shifters are presented in [15,16]. However, precise
fabrication proved to be a problem, as an air gap between the DIG and its ground plane
degraded the achievable maximum differential phase shift [15]. For proper operation and
the temperature characterization in this manuscript, a defined contact between DIG and its
ground plane is crucial. The air gap can be eliminated by using a thin layer of glue between
metallic ground and DIG. Data of the glue have to be acquired first before conducting
the temperature characterization. With the DIG properly connected to its ground plane,
a reliable temperature analysis of the LC loaded DIG can be conducted and hence more
insight on the potential of LC-based DIG components can be gained.
In this paper, we introduce the waveguide topology of the DIG in Section 2 before
providing data of the possible adhesives that can be used for avoiding an air gap in
the temperature measurement setup. Section 3 introduces the setup for the temperature
dependent characterization of the LC phase shifter. The measurement results are presented
in Section 3.2, followed by a discussion and final remarks in Section 4.
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2. Waveguide Topology and Microwave Characterization of Adhesives
In this section, the basic waveguide topology is shortly revised before the setup for
glue characterization is introduced. The most suitable glue is chosen to be used in the
temperature characterization setup based on the obtained results.
2.1. Dielectric Image Guide Topology for LC-Based Components
Dielectric image guides (DIGs) have been proposed for mmW circuits starting in the
1950s, and continued to be of interest during the following decades [17–19]. However, since
the need for high data rate communications was not as demanding at that time as it is today,
DIGs were not further investigated. In recent years, however, DIGs have been in renewed
focus of research [20–22]. Figure 2 depicts the cross section of an LC-based DIG compared
to an LC-based fully dielectric waveguide. The effective permittivity of the waveguides
changes if the LC molecule orientation with respect to the RF-polarization (~ERF) changes.
Hence, by controlling the permittivity, a phase shift of the propagating RF wave can be
achieved in a continuous manner by changing the orientation between LC molecules and
~ERF accordingly. Dielectric structures can show low loss even at higher frequencies, as
parts of the propagating wave are present as evanescent field components outside the
dielectric waveguide. The height of the fully dielectric guide can be effectively reduced
by a factor of two by introducing a metallic image plane, which results in mechanical
stability and faster response time of the DIG phase shifter when compared to its fully
dielectric counterpart [15]. In its fundamental mode of operation, the E11y -mode, ~ERF is
perpendicular to the ground plane. Therefore, when considering practical applications,
the contact between image guide and ground has to be ensured for predictable operation
of the image guide. In [15], the disturbing effect of this air gap in a first demonstrator
of an LC-based DIG phase shifter is stated. It has to be eliminated when aiming for a
proper temperature characterization of the component. Since the DIG used in this paper is
mechanically fabricated from Rexolite, which has a relative permittivity of εr = 2.53 and a
loss tangent of tanδ = 6× 10−4 at 95 GHz [23], a glue with similar permittivity and low














Figure 2. Waveguide topology and qualitative representation of the E-field distribution of a fully dielectric guide with
an LC cavity (a) and its corresponding dielectric image guide (DIG) with an LC trench (b). Field components inside the
waveguide are highlighted in red, and evanescent field components are indicated by dashed lines.
2.2. Adhesive Selection
Characterization of adhesive is challenging since the adhesive has to cure before a solid
form can be used for common characterization setups. Especially at frequencies towards
100 GHz, the small dimensions can pose a non-negligible problem. We meet this problem
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by filling a WR10 waveguide shim of known thickness d with adhesive and let it cure inside
the shim. The shim can then be inserted between two standard WR10 hollow waveguides.
Therefore, as d is known, permittivity and loss can be extracted by measuring the insertion
and return loss. In particular, we use the Nicholson–Ross–Weir (NRW) method [24,25],
which has been successfully used for materials which have to cure [26]. Figure 3 depicts a
schematic of the measurement principle as well as a photograph of the measurement setup.








Figure 3. Measurement principle of the transmit/reflect characterization by placing a sample of known thickness d inside
the rectangular WR10 waveguide (a). The rectangular sample holders have a handling area and a sample area containing
the necessary holes for alignment pins and the actual sample (b).
After filling and curing of the glue the shim is carefully cleaned using acetone and pol-
ished, such that a flat surface of the material is ensured. In total, five adhesives—Pattex Plas-
tix superglue, UHU PLUS Sofortfest epoxy glue, Rexolilte Adhesive 12,517, Norland Optical
Adhesive 81 and QuickStick 135 Temporary Mounting Wax—together with one reference
material, Teflon, have been characterized. The obtained results regarding permittivity are
depicted in Figure 4. In general, all characterized adhesives are in the range of the relative
permittivity of Rexolite (εr = 2.53), with epoxy glue being the most different in permittivity
with a maximum difference of 0.7. Figure 5 shows a clear difference in loss tangent of
the adhesives. It has to be stated that the NRW approach can only provide well reliable
results for lossy materials due to its broadband nature. For precise measurement of loss,
resonance methods should be used. Using the NRW approach, noise or small deviations
in the measured |S21| can cause an increase or decrease in the extracted loss tangent and
limits resolution [27,28]. Especially for low-loss materials (Teflon reference and Rexolite
adhesive) higher loss than given in literature for Teflon and solid Rexolite is obtained [29].
The results shown in Figure 5 are therefore not a highly precise determination of the loss
tangent of the adhesives, but an evaluation of the loss of the adhesives compared to each
other and are included for the sake of completeness. With the obtained results of per-
mittivity and loss tangent, the clear difference in adhesives indicates that Rexolite glue is
most suitable for adhering the DIG to the metallic ground plane. However, it was found
during measurements that Rexolite glue has low adhesion on metal. While in the following
temperature measurement setup the glue is mostly necessary to eliminate a possible air
gap, and additional mechanical support is applied by the setup itself, we advise to use the
optical adhesive if strong mechanical stability is desired.
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Mounting Wax Rexolite Adhesive Teflon Reference
Epoxy Glue Optical Adhesive Superglue
Figure 4. Extracted relative permittivity of different adhesives using the Nicholson–Ross–Weir (NRW) method. The results
include a margin of dashed lines around the extracted values, which represent a confidence interval when the samples show
±10µm (±2.5%) deviation from the desired sample thickness.



















Mounting wax Rexolite Adhesive Teflon Reference
Epoxy Glue Optical Adhesive Superglue
Figure 5. Extracted and smoothed loss tangent of different adhesives using the NRW method.
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3. Temperature Characterization
3.1. Measurement Setup
Figure 6 depicts a schematic of the LC-based DIG phase shifter. The DIG phase shifter
consists of a DIG with width w = 1.8 mm and height h = 0.9 mm. A trench of length
l = 21 mm, width wLC = 1.5 mm and depth tLC = 0.75 mm for LC hosting is milled in
the Rexolite DIG. The trench is tapered over a length of 3 mm at its beginning and end
for matching the LC section to the Rexolite DIG. In order to measure the propagating and
reflected wave components with lab equipment, a WR10 waveguide transition from WR10
waveguide to DIG and vice versa is necessary. The same transition as used in previous













Figure 6. Partially cut model of the phase shifter with waveguide transitions. All dimensions are given in mm.
Figure 7 shows the temperature characterization setup. A brass block forms the
ground plane on which the DIG is placed. A Pt100 temperature sensor is inserted in the
brass ground plane in order to monitor the temperature in the ground plane. Since the DIG
phase shifter is directly placed on the ground plane, this is the best position for temperature
reading without disturbing the propagating RF-wave. In order to heat or cool the ground
plane, it is mounted on a copper block with fluidic channels connected to a Julabo FP50
temperature controller. With corresponding feedback from the temperature sensor a stable
temperature ϑ in the ground plane is maintained by the Julabo FP50. The nematic LC
used for the measurements is GT-7 29001, which shows a parallel permittivity of ε || = 3.53
with an accompanied loss tangent of tanδ|| = 0.0064 and a perpendicular permittivity of
ε⊥ = 2.46 with an accompanied loss tangent of tanδ⊥ = 0.0116 (data provided by Merck
KGaA at 19 GHz). Hence, the anisotropy of the LC-mixture is ∆εr = 1.07. After filling the
DIG structure and connecting the measurement equipment to the waveguide transitions,
the temperature control setup (Figure 7a) is inserted into a fixture with rotatable magnets.
The magnets provide a magnetic flux density of B ≈ 0.25 T, such that both parallel and
perpendicular permittivity of the LC-mixture can be stimulated (Figure 7b). The rotatable
magnets are enclosed by a transparent plastic box. A steady flow of nitrogen in box
prevents moist or frost on the structure. The overall temperature range from −10 °C to
80 °C is limited by the capabilities the Rexolite material, which starts to degrade at higher
temperatures than 80 °C, and the warming of the fluid along its way from Julabo FP50 to
the structure when cooling the device.



















Figure 7. The assembled temperature controlled measurement setup. The temperature control unit in (a) can be inserted
into the fixture with rotatable magnets, as shown in (b).
3.2. Measurement Results
Figures 8–10 show the obtained measurement results at different temperatures ϑ.
Figure 8 illustrates the matching of the phase shifter. Matching with |S11| < −15 dB is
achieved at all investigated frequencies. Only slight deviations in |S11| can be observed
with temperature and no significant difference in behavior for parallel or perpendicular LC
alignment with respect to the RF-polarization can be made.
In contrast, a clear trend in transmission behavior can be observed, as Figure 9 shows.
A magnitude offset in the frequency characteristic of |S21|with temperature both in parallel
and perpendicular LC orientation is noticed. This offset is almost constant across all
frequencies. In the investigated temperature range, the maximum offset is ca. 1.5 dB in
parallel orientation and ca. 1.9 dB in perpendicular orientation. A solid Rexolite DIG has
been measured in the same setup in order to assess the influence on ϑ on the conductor loss
of the ground plane. It was found that a temperature change from ϑ = −10 °C to ϑ = 80 °C
influences the loss of the line itself by maximally 0.2 dB. Hence an uncertainty of about
0.02 dB is present per 10 °C temperature change in the graphs depicted in Figure 9. In total,
the maximum increase in insertion loss by 1.9 dB is defined by the perpendicular alignment
at 100 GHz when comparing the measurement at ϑ = 80 °C to the one at ϑ = −10 °C.
In general, the dielectric anisotropy of LC decreases with increasing temperature due
to decreasing order of the LC molecules. Therefore, the differential phase shift
∆ϕ = ϕ|| − ϕ⊥ (1)
which arises when comparing the phase of the RF signal in low permittivity εr,⊥ alignment
to the phase in high permittivity εr,|| alignment, is of special interest. The measured
results are provided in Figure 10a. The differential phase ∆ϕ increases with frequency,
since the phase shifter is electrically longer for higher frequencies, and overall decreases
with temperature. In particular, we observe that the frequency where ∆ϕ = 360◦ shifts
from f∆ϕ360 = 91.7 GHz to f∆ϕ360 = 104 GHz in the investigated temperature range.
At ϑ = 20 °C the 360° phase shift is achieved at f∆ϕ360 = 94 GHz. However, stable
and predictable behavior of the GT7-29001 mixture in terms of achievable phase can
be observed.
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In general, a phase shifter is not intended to be used in the whole frequency range
which our measurements cover, but in a more narrow frequency band. The margin in
achievable differential phase depending on temperature at a certain frequency of operation
is therefore a valuable information. We define
Ψϑ1,ϑ2 = ∆ϕ(ϑ1)− ∆ϕ(ϑ2) (2)
as the difference in differential phase shift between reference temperature ϑ1 and sec-
ond temperature ϑ2. Figure 10b depicts Ψϑ1,ϑ2 with respect to room temperature, hence
ϑ1 = 20 ◦C. We observe that Ψϑ1=20◦C,ϑ2 increases both with frequency and temperature ϑ2.
However, the frequency dependence changes strongly with ϑ2. The slope of Ψϑ1=20◦C,ϑ2 re-
veals how much the frequency dependent differential phase shift differs from the reference
temperature ϑ1 = 20 °C.















ϑ = −10◦C 0◦C 10◦C 20◦C 30◦C 40◦C 50◦C 60◦C 70◦C 80◦C
(a) Parallel orientation.















ϑ = −10◦C 0◦C 10◦C 20◦C 30◦C 40◦C 50◦C 60◦C 70◦C 80◦C
(b) Perpendicular orientation.
Figure 8. |S11| of the phase shifter at different ground plane temperatures ϑ in (a) parallel and (b) perpendicular LC director
orientation. No significant influence of change in temperature can be observed.
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Figure 9. |S21| of the phase shifter at different ground plane temperatures ϑ in (a) parallel and (b) perpendicular LC
director orientation.
While at ϑ2 = 30 °C the slope is 0.17◦/GHz, at ϑ2 = 80 °C the slope increases to
1.29◦/GHz. A total phase margin of 80° is present at 100 GHz when covering temperatures
from −10 °C to 80 °C.
It is of particular interest to analyze to which extent the change of permittivity is
dependent on molecule alignment. In order to do so we compare the raw measurement
phase of S21 at different temperatures ϑ2 to the phase of S21 at ϑ1 = 20 ◦C for both alignment
states of the LC molecules. We note the deviation from the reference phase at ϑ1 = 20 ◦C by
φ = ϕϑ2 − ϕϑ=20 ◦C. (3)
Crystals 2021, 11, 63 10 of 14

















(a) Differential phase shift.
























(b) Difference in differential phase shift.













Parallel Molecule Orientation Perpendicular Molecule Orientation
(c) Phase deviation in parallel and perpendicular director alignment.
Figure 10. Differential phase shift ∆ϕ of the phase shifter in dependence of temperature (a), the difference in differential
phase shift Ψ between operation at ϑ1 and ϑ2 (b) and the deviation in phase from the phase incident at ϑ = 20 ◦C depending
on the LC molecule orientation at 100 GHz (c).
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The corresponding behavior at 100 GHz is depicted in Figure 10c. We observe a clear
difference in change of phase between both molecule alignments. The parallel orientation,
responsible for high permittivity, shows a clear quasi-linear temperature dependence.
The phase change is close to 0.5 °/K at all temperatures. The overall phase decreases
with temperature, since εr,|| decreases with increasing temperature. The perpendicular
orientation, responsible for low permittivity, is less affected by temperature change below
ϑ = 20 °C and starts to get more temperature dependent at ϑ = 30 °C. While small
slopes ≤ 0.25 °/K can be observed for ϑ ≤ 30 °C, the slope increases to up to 0.7 °/K at
ϑ = 80 °C. Here, εr,⊥ increases with temperature. The change to lower permittivity in
parallel alignment and to higher permittivity in perpendicular alignment causes the total
difference in phase shift Ψϑ1,ϑ2 , as indicated in Figure 10c. From the acquired data displayed
in Figure 10, the achievable anisotropy at 100 GHz can be evaluated by a CST Microwave
Studio simulation model of the phase shifter. The model is created according to Figure 7a
and the permittivity of the LC section is changed such that the measured phase change
is reached.
When adapting the simulation model to the measurement data at 100 GHz, εr,|| is first
reduced at ϑ ≤ 20 °C before the εr,⊥ is reduced as well, in order to take the behavior given in
Figure 10c into account. At ϑ = −10 °C, the fitted values match to εr,|| = 3.53 and εr,⊥ = 2.46
(provided values at 19 GHz by Merck KGaA at room temperature). When increasing the
temperature to ϑ = 20 °C, the high permittivity has to be reduced to εr,|| = 3.46 (deviation
of 2%) while the low permittivity remains at εr,⊥ = 2.46. Hence, we observe at room
temperature and 100 GHz that the full anisotropy of the LC (∆ε = 1.07) cannot be utilized
and we are facing utilizable anisotropy of ∆εeff = 1.00. This corresponds to a deviation of
6.5% between theoretically present anisotropy and realizable anisotropy. At ϑ = 80 °C,
both high permittivity is further reduced to εr,|| = 3.36 and low permittivity is increased to
εr,⊥ = 2.51 in order to match to the measured phase shift at 100 GHz. This corresponds to
a 2% change in εr,⊥ and a 5% change in εr,||. The utilizable anisotropy, ∆εeff = 0.85, reduces
further to 79.4% of the value provided at 19 GHz at room temperature. The corresponding
deviation to the utilizable anisotropy at room temperature at 100 GHz is 85%. Hence, a
high realizable anisotropy is still present when utilized in a temperature varying scenario.
In order to evaluate the phase shifter in its performance, the figure-of-merit (FoM) is
provided with respect to the temperature of the ground plane. The FoM is defined by the





The FoM with respect to temperature is depicted in Figure 11a. Since both |S21| and
∆ϕ degrade with temperature, the overall FoM degrades as well according to Equation (4).
The maximum FoM of 126.6 °/dB at 109 GHz and ϑ = −10 °C is reduced to 63.7 °/dB at
ϑ = 80 ◦C. The difference in FoM is depicted in Figure 11b. We can observe that the FoM
degrades by 2.5 °/dB to 8 °/dB per 10 °C temperature increase.
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Figure 11. Figure-of-merit (FoM) (a) and difference in FoM (b) of the magnetically biased LC DIG phase shifter in
dependence of temperature.
4. Conclusions
This paper provides temperature dependent data of an LC-based dielectric image
guide (DIG) phase shifter. By selecting a suitable adhesive using the broadband Nicholson–
Ross–Weir method, an air gap is prevented and a defined measurement environment is
created. The elimination of the air gap results in higher differential phase shift when
compared to previous work [15]. The temperature dependent data are generated by chang-
ing the temperature of the DIG’s ground plane from ϑ = −10 °C to ϑ = 80 °C. Using
a setup with rotatable magnets, LC-molecule alignment with respect to the incident RF-
polarization can be changed and characterized at different temperatures. The S-parameters
show little frequency dependent behavior at all temperatures with an increase of insertion
loss by maximally 1.9 dB. However, as the temperature increases the anisotropy of the
used LC-mixture GT7-29001 is reduced. Therefore, a degradation of differential phase ∆ϕ
can be observed with increasing temperature. As the electrical length of the LC section
increases with frequency, this degradation of ∆ϕ increases with frequency, too. The dif-
ference in differential phase at ϑ = 80 °C compared to ϑ = 20 °C is 72° at 110 GHz. The
raw measurement data of the phase of S21 in both parallel and perpendicular alignment
reveal the impact of changing temperature in these alignment states and the individual
contribution to reduction in achievable ∆ϕ. By remodeling the phase behavior, more insight
on the reduction of the anisotropy of the used LC-mixture with increasing temperature,
Crystals 2021, 11, 63 13 of 14
and overall impact on LC-based DIG components is provided. The obtained results are
essential for evaluating challenges and opportunities of integrated LC-based devices in
image line topology at mmW-frequencies. With the image line topology, quasi planar
circuitry can be realized, which allows implementation in applications where low profiles
are required. At mmW-frequencies, phase shifters are essential for phased-arrays used
to enable wireless communications or imaging applications. Together with image line
rod antennas [22], LC-based quasi-planar dielectric phased arrays can be realized. While
assembly in this manuscript is reliant on glue and single milled components, more sophisti-
cated manufacturing technologies such as injection molding or 3D printing can be used for
industrial, large scale production with the possibility of substrate integration [30]. As the
development of nematic microwave LC is still an ongoing process [2], the provided data
can prove to be beneficial for further development of LC-mixtures tailored to the needs of
dielectric applications.
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